Streptococcus gallolyticus is an increasing cause of bacteremia and infective endocarditis in the elderly. Several epidemiological studies have associated the presence of this bacterium with colorectal cancer. We have studied the interaction of S. gallolyticus with human colonic cells. S. gallolyticus strain UCN34, adhered better to mucus-producing cells such as HT-29-MTX than to the parental HT-29 cells. Attachment to colonic mucus is dependent on the pil3 pilus operon, which is heterogeneously expressed in the wild-type UCN34 population. We constructed a pil3 deletion mutant in a Pil3 overexpressing variant (Pil3+) and were able to demonstrate the role of Pil3 pilus in binding to colonic mucus. Importantly, we showed that pil3 deletion mutant was unable to colonize mice colon as compared to the isogenic Pil3+ variant. Our findings establish for the first time a murine model of intestinal colonization by S. gallolyticus.
Streptococcus gallolyticus, formerly classified as S. bovis biotype I, is an emerging opportunistic pathogen responsible for septicemia and infective endocarditis in the elderly with underlying diseases [1] [2] [3] . This grampositive coccus is one of the few intestinal bacteria consistently linked to colorectal cancer (CRC) [4] [5] [6] [7] [8] [9] [10] . Numerous studies have shown that a colon tumor or polyp was detected upon full bowel examination in 33% to 90% of patients diagnosed with an S. gallolyticus infection. While fecal carriage of S. gallolyticus in the healthy population is relatively low, it increases about 5-fold in patients with CRC [4] . However, whether S. gallolyticus is a cause or a consequence of CRC remains to be determined [11, 12] .
The first genome of S. gallolyticus strain UCN34 isolated from a patient suffering from endocarditis and thereafter diagnosed for colon cancer provided important insights on the adaptation and virulence strategies evolved by this bacterium [13] . It revealed the presence of 3 pilus operons, pil1, pil2, and pil3 [13] . We previously showed that Pil1 pilus is important for binding to collagen through the pilus-associated adhesin PilA and colonization of heart valves in a rat model of experimental endocarditis [14] .
How S. gallolyticus interacts with the host colon is not known. Mucus is the first physical barrier that protects intestinal cells against microbial infection but is also used by commensals to interact with the host [15] .
The pil3 locus of S. gallolyticus strain UCN34 is a likely candidate in this process because a bioinformatic analysis revealed the existence of a putative mucusbinding domain in the Pil3 associated adhesin encoded by gallo_2040. Pilus-like fibers on the surface of UCN34 were characterized by immunoblotting and immune electron microscopy using polyclonal antibodies against the two structural Pil3 pilin subunits (Gallo_2040 and Gallo_2039). Like pilus Pil1, Pil3 is heterogeneously expressed in the UCN34 population, with a majority of cells weakly piliated and a minority of cells highly piliated. We constructed a pil3 deletion mutant in a Pil3-overexpressing variant (Pil3+) and showed that Pil3 is involved in S. gallolyticus attachment to colonic mucus and that the adhesin Pil3A plays an essential role in this interaction. Furthermore, we demonstrated the requirement of Pil3 pilus for the colonization of mice colon in vivo, establishing for the first time a murine model of intestinal colonization by S. gallolyticus.
RESULTS

Genetic Organization and Expression of the Pil3 Pilus in the Strain UCN34
In this study, the pil3 locus of S. gallolyticus UCN34 was characterized at the molecular level. As shown in Figure 1A , this locus is composed of 5 genes encoding 2 structural pilin subunits (gallo_2040 and gallo_2039), 1 sortase C enzyme (gallo_2038), 1 homolog of type 1 signal peptidase (gallo_2041), and 1 small open-reading frame (gallo_2042) of unknown function. This organization is reminiscent of many pilus operons described in gram-positive bacteria [16] . The structural proteins Gallo2040 (Pil3A) and Gallo2039 (Pil3B) are typical LPXTG proteins of 1664 and 478 amino acids, respectively; Pil3A being the putative adhesin and Pil3B the major pilin composing the pilus fiber. A search for conserved domains using Simple Modular Architecture Research Tool (SMART) software (EMBL) revealed the presence of a putative mucus-binding domain within the Pil3A protein (amino acids 1154 to 1238).
Organization of the pil3 promoter region is similar to that of pil1, with a putative leader peptide encoding gene containing 13 GCAGA tandem repeats followed by a stem-loop transcription terminator ( Figure 1A ). We previously showed that this structure is involved in the heterogeneous expression of pil1 by a phase variation mechanism combined with transcriptional attenuation [17] .
Pil3 pilus heterogeneity in S. gallolyticus strain UCN34 was first visualized by immunofluorescence using specific antibodies directed against the pilins Pil3A and Pil3B. As shown in Figure 1B , only a small proportion of the bacteria expressed the Pil3 pilus at a high level. An overexpressing variant (Pil3+) selected from the wild-type strain UCN34 [17] exhibited a higher proportion of cells expressing Pil3 pilus at a high level. Pil3 heterogeneous expression was further analyzed by flow cytometry and illustrated by the broad peak profile in the wild-type strain using specific anti-Pil3B antibody (Supplementary Figure 1A) . Quantification of Pil3B levels in wild-type UCN34 indicated that approximately 70%-90% of the cells are weakly piliated (Pil3 low ) and 10%-30% highly piliated (Pil3 high ). The Pil3+ strain exhibited a sharper peak in flow cytometry experiment and a higher number of bacteria (approximately 95%) displayed high levels of Pil3 pilus. As negative control, we constructed a strain deleted for the entire pil3 locus (Δpil3) in the Pil3+ background. Pil3 pilus biogenesis was then assessed by Western blotting of cell wall protein extracts from S. gallolyticus UCN34, Pil3+, and Δpil3 using the specific antibodies against Pil3A and Pil3B pilins. As shown in Figure 1C , a typical laddering profile of highmolecular-weight polymers can be observed in the Pil3+ variant but not in the control Δpil3. Very low amount of Pil3 polymers was detected in UCN34, in agreement with the immunofluorescence and flow cytometry data. Antibodies produced against both Pil3A and Pil3B are highly specific, as demonstrated by the absence of high-molecular-weight reactive bands in Δpil3 protein extracts. Of note, a nonspecific band of 25 kDa was detected with both antibodies serving as a loading control. Finally, immunoelectron microscopy revealed the presence of typical pilus fiber structures in the Pil3+ variant that were not observed with the isogenic Δpil3 mutant ( Figure 1D ).
Pil3 Promotes Bacterial Attachment to Colonic Mucus In Vitro
Pili have long been considered important players in bacterial attachment to host tissues, an essential step in the pathogenic process. The presence of a putative mucus-binding domain in Pil3A led us to uncover the functional binding properties of this pilus. The capacity of S. gallolyticus UCN34, Pil3+, and Δpil3 mutant to adhere to the mucus recovered from HT29-MTX was tested in vitro ( Figure 2A ). This human colonic cell line, upon differentiation for 15 to 20 days, is known to constitutively produce mucus [18, 19] . As shown in Figure 2A , the Pil3+ variant adheres more efficiently to mucus as compared to the parental UCN34 strain or the Δpil3 mutant. A similar result was obtained when using purified porcine gastric mucins ( Figure 2B ). No significant binding was observed when using bovine maxillary mucins (data not shown), suggesting some specificity in host mucins serving as Pil3 ligand. Furthermore, we analyzed the binding capacity of the same strains to purified human MUC5AC mucin. Likewise, the Pil3+ strain efficiently adhered to MUC5AC when compared to the Δpil3 mutant ( Figure 2C ).
To test the role of Pil3A putative adhesin in bacterial attachment to mucus, we overexpressed gallo_2040 in the plasmid pTCV-erm using a strong constitutive promoter. Expression of the adhesin Pil3A in the Δpil3 (Pil3A) strain was demonstrated by flow cytometry (Supplementary Figure 1B) and immunofluorescence (Supplementary Figure 1C) . As shown in Figure 2C , overexpression of Pil3A alone in S. gallolyticus Δpil3 mutant partially restored bacterial adhesion to HT29-MTX mucus as compared to the control Δpil3 strain harboring the empty vector (Δpil3 (vector) ). Furthermore, heterologous expression of Pil3A in Lactococcus lactis strain NZ9000 also conferred to the recombinant bacteria an enhanced capacity for binding to colonic mucus, as compared to the control L. lactis strain harboring the empty vector ( Figure 2C ). To further demonstrate the role of Pil3A in mucus binding, we tested several clinical strains of S. gallolyticus from our collection, both for expression of Pil3A and binding to mucus derived from HT29-MTX cells. Because Pil3 expression is heterogeneous and subjected to phase variation, the experiments were carried out in parallel. A robust correlation (r = 0.97; P <.0001) was observed between the level of Pil3A expression measured by flow cytometry and the binding capacity of the various S. gallolyticus strains to HT29-MTX mucus ( Figure 2D ).
Role of Pil3 in Primary Attachment to Human Mucus-Producing Cells
We next investigated the role of Pil3 pilus in adhesion to colonic epithelial cells in the presence or absence of mucus. We compared adhesion of S. gallolyticus UCN34, Pil3+, and Δpil3 Figure 1 . Characterization of the pil3 locus of S. gallolyticus UCN34. A, Genetic organization of the pil3 locus made of 5 genes: gallo_2042, encoding a small open-reading frame of unknown function; gallo_2041, encoding a putative signal peptidase; gallo_2040, encoding the pilus adhesin (Pil3A); gallo_2039, encoding the major pilin (Pil3B); and gallo_2038, encoding the class C sortase required for pilus polymerization. B, Visualization of Pil3 expression on the surface of wild-type strain UCN34, Pil3+ variant, and Δpil3 mutant by immunofluorescence microscopy. Pil3 pili were visualized with an antiPil3A (red) or Pil3B (green) polyclonal antibody revealed with a secondary DyLight 488 conjugated goat antirabbit antibody, respectively. The bacterial DNA was stained with Hoescht 33 342 (blue). Scale bars represent 2 µm. C, Western blot analysis of cell wall protein extracts from S. gallolyticus UCN34, Pil3+, and Δpil3. Equivalent amounts of proteins (about 10 µg) were loaded and probed with specific polyclonal antibodies against Pil3A and Pil3B. Theoretical positions of Pil3A and Pil3B monomers, based on their molecular weights, are indicated by a black arrow (m) and high molecular weight species corresponding to pili polymers are labeled ( p). D, Immunogold electron microscopy analysis of the pilus subunits Pil3A and Pil3B was performed as described previously [14] . Scale bars represent 1 µm. Figure 2 . Adherence of S. gallolyticus strains and L. lactis recombinant strains to colonic mucus. Microtiter wells were coated with 5 µg of HT29-MTXderived mucus or with purified porcine gastric mucins and 10 7 bacterial CFUs were added. Bound bacteria were detected using crystal violet staining. Bacterial adhesion to HT29-MTX-derived mucus (A), porcine gastric mucins (Sigma) (B), and purified MUC5AC from HT29-MTX-derived mucus (C). Values indicate the mean of 4 independent experiments assayed in triplicate. D, Mucus binding of the recombinant strains Δpil3 (Pil3A) and L. lactis (Pil3A) as compared to the respective controls harboring the empty vector. Values indicate the mean of 3 independent experiments assayed in triplicate. E, Binding capacity to HT29-MTX mucus of various clinical isolates of S. gallolyticus isolated from blood cultures (top). The expression of the Pil3A adhesin was determined by flow cytometry using a specific anti-Pil3A polyclonal antibody (10 000 bacteria were analyzed for each strain) (bottom). Results are presented as mean value (±SEM) of 1 representative experiment performed in triplicate and repeated at least 3 times independently. Significant differences were identified by 2-tailed Student t test (***P < .001; **P < .01; *P < .05). Abbreviations: CFUs, colony-forming units; OD, optical density; SEM, standard error of the mean. strains to the mucus-producing HT29-MTX cells and to the parental HT29 cell line that does not produce mucus. Both types of cells were grown on coverslips for 2 weeks before infection with the 3 strains. Preliminary adhesion experiments on Caco-2 cells indicated that efficient adhesion of S. gallolyticus occurred at 4 hours postinfection with a significant increase at 6 hours. We therefore chose to image S. gallolyticus adhesion to HT29-MTX and HT29 at 6 hours postinfection by confocal microscopy using an antibody raised against the whole bacterium UCN34. We first verified that the 3 strains of S. gallolyticus, UCN34, Pil3+, and Δpil3, grew similarly in the conditioned cell culture medium from both cell types (data not shown). Interestingly, both UCN34 and Pil3+ variant attached very efficiently to HT29-MTX cells, whereas the Δpil3 mutant was unable to bind these cells ( Figure 3A Figure 3A , lower panel). Quantification of the fluorescence signal from adherent bacteria is shown in Figure 3B . The results unambiguously demonstrate the role of Pil3 in the attachment of S. gallolyticus to colonic mucus-producing cells. All together, these in vitro results strongly point to the importance of Pil3 pilus in bacterial adhesion to colonic mucus and subsequently in the establishment of a direct interaction with mucus-producing cells.
Pil3 Pilus Is Critical for Colonization of the Mouse Gastrointestinal Tract
We next wondered whether S. gallolyticus Pil3 pilus could contribute to colonization of the colon in vivo. To address this Figure 3 . Role of Pil3 pilus in the adherence of S. gallolyticus to colonic mucus-producing cells. A, Representative confocal projection images of HT29-MTX (upper panels) and HT29 (lower panels) cells infected for 6 hours with UCN34, Pil3+, and Δpil3 at an MOI of 5 bacteria/cell. Bacteria (in green) were stained with a specific rabbit anti-UCN34 polyclonal antibody and anti-rabbit IgG coupled to DyLight 488 respectively. Cellular F-actin was visualized with phalloidin coupled to Alexa Fluor 647 (in red) and nuclei were stained with Hoescht 33 342 (blue). The scale bar represents 20 µm. B, Quantification of the fluorescence signal emitted by the bacteria using ImageJ software. The values represent the fluorescence mean (±SEM) of 3 fields containing approximately 400 cells/field from 3 independent experiments. Statistical relevance was calculated using a 2-tailed Student t test and assigned as ***P < .001. Abbreviations: IgG, immunoglobin G; MOI, multiplicity of infection; ns, not significant; SEM, standard error of the mean.
oral inoculation of S. gallolyticus, we were able to quantify living bacteria in intestinal tissues using selective culture media. To increase gastrointestinal colonization by S. gallolyticus, specific pathogen-free mice were first treated with broad-spectrum antibiotics to reduce mice endogenous gut microbiota, as described previously [20] , thus enhancing UCN34 colonization by 3 logs (data not shown). We then compared colonization efficiency of S. gallolyticus reference strain UCN34 in 2 different mice strains: BALB/c and C57BL/6J. The colonization was 10 times more efficient in the C57BL/6 mouse background (data not shown). Using this optimized protocol in C57BL/6 mice, we compared colonization efficiencies of S. gallolyticus strain UCN34, Pil3+ variant, and Δpil3 deletion mutant in different parts of the gastrointestinal tract, including the ileum and distal colon. A representative experiment with 5 mice in each group, analyzed for colony-forming unit (CFU) quantification (Figure 4A ) and by immunohistochemistry ( Figure 4B ), is shown in Figure 4 . We found that the Δpil3 mutant was significantly impaired, with a 2-log difference, in distal colon colonization compared to the Pil3+ variant. UCN34 was able to colonize at an intermediate level between Pil3+ and Δpil3, in agreement with the smaller proportion of bacteria expressing pil3 in UCN34.
To determine the localization of S. gallolyticus in vivo, immunohistochemistry was performed using a polyclonal antibody raised against UCN34 to label bacteria and wheat germ agglutinin (WGA) to visualize the colonic mucus layer. As shown in Figure 3B , most Pil3+ bacteria were found both in the lumen and also tightly associated to the colonic mucus layer. In contrast, the Δpil3 mutant was only found in the lumen of the gastrointestinal (GI) tract (data not shown) and in much lower number ( Figure 4B , right lower panel), in agreement with the CFU counts. These results demonstrate the role of Pil3 pilus in the colonization of mouse distal colon by S. gallolyticus.
DISCUSSION
Streptococcus gallolyticus belongs to the Streptococcus bovis/ Streptococcus equinus complex, a highly diverse group of nonhemolytic streptococci that are intestinal commensals, opportunistic pathogens, and food fermentation associates [3] . It is an emerging human pathogen that causes infective endocarditis and is consistently associated with colorectal carcinomas [10] . Current medical recommendations advise to perform a colonoscopy for any patient diagnosed with S. gallolyticusassociated disease.
In the present study, we carried out the molecular and functional characterization of the pil3 locus (gallo2042-2038) encoding a putative mucus binding protein. The pil3 locus is highly conserved and present in all 31 clinical strains of S. gallolyticus analyzed previously [21] . Basic Local Alignment Search Tool (BLAST) analyses revealed the presence of the pil3 operon in S. pasteurianus and in S. macedonicus [22] [23] [24] .
Pil3 pilus of S. gallolyticus strain UCN34 consists of 2 structural subunits-Pil3B, the major pilin, and Pil3A, the pilus associated adhesin-that are covalently assembled by a class C sortase (encoded by gallo_2038). Single-cell analyses demonstrated that Pil3 is expressed heterogeneously in the UCN34 population by a mechanism of phase variation previously characterized [17] . By selecting a phenotypic variant expressing higher amount of pili (Pil3+) and by constructing a pil3 deletion mutant in this variant, we were able to demonstrate the role of Pil3 pilus in the attachment to colonic mucus of HT29-MTX cells. Overexpression of Pil3A in the S. gallolyticus pil3 mutant or in the heterologous L. lactis enhanced bacterial binding to the colonic mucus in vitro, indicating that Pil3A contributes to the mucus-binding function. Of note, Pil3 also conferred binding to pig gastric mucins ( Figure 2B ), to purified MUC5AC mucin ( Figure 2C ), but not to bovine maxillary mucins (data not shown).
HT29-MTX mucus is highly enriched in MUC5AC mucin [25] and devoid of MUC2 (data not shown). While MUC2 is the predominant mucin in healthy colon, MUC5AC is not detected in normal conditions, but is frequently overexpressed in adenomas and colon cancers [26] . Interestingly, pig gastric mucins, which act as ligand for Pil3, react with monoclonal antibodies against human MUC5AC but not with MUC2. In contrast, bovine maxillary mucins, which are not permissive for Pil3 binding, did not react with MUC5AC monoclonal antibody and only gave a faint signal with MUC2 (data not shown). Finally, we demonstrated that Pil3 binds specifically to purified MUC5AC mucin ( Figure 2C ), which may explain the low carriage rate of S. gallolyticus in healthy colon of the human population, and the higher carriage in the presence of a colon tumor.
Importantly, we established for the first time a mouse model to study gut colonization by S. gallolyticus and were able to show that Pil3 promotes bacteria attachment to the distal colon. Histopathological analyses further demonstrated that S. gallolyticus expressing a high level of Pil3 mainly colocalized with the mice colonic mucus, whereas the Δpil3 mutant, present in much lower numbers, was found mainly in the lumen and barely associated to the mucus layer (Figure 4) .
Other examples of pili from gram-positive bacteriapromoting gut colonization are found in beneficial commensals of the GI tract, such as lactobacilli and bifidobacteria [27] . In particular, the SpaCBA pilus of the probiotic Lactobacillus rhamnosus GG is involved in binding to human mucus via the adhesin SpaC [28] . Interestingly, SpaC was found along the whole pilus length, allowing both short-and long-distance interactions with the host tissues, thus providing mucusbinding strength to persist longer in the gastrointestinal tract [29] .
In conclusion, we identified and characterized the Pil3 pilus of S. gallolyticus as a novel factor required for bacterial adhesion to human colonic mucus and for colon colonization in the mouse model. Figure 4 . Contribution of Pil3 pilus in the colonization of mice gastrointestinal tract. C57BL/6 mice pretreated with a cocktail of antibiotics were orally infected with UCN34, Pil3+, and Δpil3 on 3 consecutive days, and analyzed on day 7 postinfection. A, Quantification of bacterial CFUs in the ileum and distal colon of infected mice (n = 5 per group). The graphs show one representative experiment of a total of 2. The dashed line indicates the limit of bacterial detection. Significance was determined using Mann-Whitney U test (**P <.01). B, Representative immunofluorescence images of the distal colon infected with S. gallolyticus Pil3+ and Δpil3 mutant. Bacteria (in red) were stained with a specific rabbit anti-UCN34 polyclonal antibody and antirabbit IgG coupled to Alexa Fluor 568, respectively. Mucus was visualized with wheat germ agglutinin lectin coupled to Alexa Fluor 488 (green) and nuclei were labeled with DAPI (cyan blue). The scale bar represents 20 µm. Abbreviations: CFUs, colony-forming units; DAPI, 4',6-diamidino-2-phenylindole; IgG, immunoglobin G.
MATERIAL AND METHODS
Cell Culture and Bacterial Strains
The mucus-secreting HT29-MTX cell subpopulation [18] and the parental HT29 cells were routinely grown in Dulbecco's modified Eagle medium supplemented with 10% heat-inactivated fetal bovine serum. S. gallolyticus strains were grown at 37°C in Todd-Hewitt (TH) broth in standing filled flasks. Lactococcus lactis strains were grown in M17 medium containing 1% glucose. Erythromycin and tetracycline were used at 10 µg/mL for S. gallolyticus, and erythromycin was used at 150 µg/mL for Escherichia coli. A Pil3 pilus-overexpressing strain (Pil3+) was selected from the wild-type UCN34 by immunolabeling screening as previously described [17] . We have constructed a pil3 deletion mutant in the Pil3+ strain background (from gallo_2042 to gallo_2038) as described previously [30] . The primers used are listed in Table 1 .
Expression and Purification of Recombinant 6×His-Gallo2039 and 6×His-Gallo2040 N-terminus DNA fragments internal to gallo_2039 and gallo_2040 were produced by polymerase chain reaction using genomic DNA of UCN34 as template and the primers gallo2039-NdeI and gallo2039-BamHI, and gallo2040-NheI and gallo2040-BamHI, respectively (Supplementary Table 1 ). These DNA fragments were digested with the appropriate enzymes and cloned into pET28-a(+) (Novagen). The resulting plasmids were introduced into E. coli strain DH5α for sequence analysis or BL21 (λDE3) for protein expression. Recombinant 6×His-Gallo2039 and 6×His-Gallo2040 Nter were purified under native conditions by affinity chromatography on nickel-charged nitrilotriacetic acid (Ni-NTA) columns according to the manufacturers' recommendations (Novagen). Protein purity was checked on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and accurate protein concentrations were determined with the bicinchoninic acid (BCA) system (Pierce).
Generation of Rabbit and Mice Polyclonal Antibodies
Rabbit polyclonal antibodies against Gallo_2039 (Pil3B) and Gallo_2040 (Pil3A) were generated by Covalab, Villeurbanne, France (www.covalab.com). Rabbit serum samples were further purified using the Melon Gel IgG Spin Purification Kit (Thermo Scientific Pierce).
Immunofluorescence and Flow Cytometry Experiments
These experiments were performed exactly as described previously [17] except that coverslips were mounted with ProLong Gold Antifade (Life Technologies) and imaged on a Nikon Eclipse Ni-U microscope.
Confocal Microscopy
HT29 and HT29-MTX were cultured in coverslips for 16 days and infected with S. gallolyticus isogenic strains UCN34, Pil3+, and Δpil3 at a multiplicity of infection of 5 bacteria per cell. After 6 hours of infection, cells were washed once in phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde (PFA) for 10 minutes. Infected cells were then stained with 1:200 anti-UCN34 antibody (Covalab, France), followed by secondary DyLight488 conjugated antirabbit antibody (1:200) to stain specifically S. gallolyticus. Hoescht 33 342 (1:2000) was added to visualize cells nuclei and Alexa Fluor 647 phalloidin (1:50) to stain the actin cytoskeleton. Samples were mounted using the ProLong Gold Antifade reagent and visualized using a Leica TCS SP5 confocal microscope. Maximum projections and total fluorescence measurements were performed with Image J.
Cell Wall Protein Extraction
Bacteria were grown overnight in TH broth and harvested for protein analysis during the late-exponential phase of cultures as described previously [14] . When necessary, cell wall extracts were concentrated using trichloroacetic acid (TCA) protein precipitation. Samples were incubated with 7% TCA for 30 minutes on ice washed with acetone and resuspended in PBS for quantification. Protein extracts were boiled in Laemmli buffer and further analyzed on SDS-PAGE. Midi Criterion XT Precast gel (4%-12% Bis-Tris; Bio-Rad) were used and transferred to nitrocellulose membrane using the Trans-Blot Turbo transfer Pack, Bio-Rad. Membrane was blocked in TBS-skimmed milk 5% and incubated for 1 hour with rabbit primary Pil3B and Pil3A antibodies and then with the secondary Dylight800-coupled goat antirabbit antibody (Thermo Scientific Pierce). Far-red fluorescence was detected using the LI-COR Odyssey Infrared Imaging System (LI-COR Biosciences).
Mucus Adhesion Assay
Colonic mucus was recovered from HT29-MTX cells upon 16 to 20 days in culture and quantified using BCA assay (Thermo Scientific, Pierce). Polystyrene Maxisorp (NUNC) plates (96-wells) were precoated overnight with 5 µg/well of either MTX mucus or porcine stomach mucins (Sigma Ref. M1778). Overnight cultures grown in TH were washed once with 1× PBS and 100 µL of cell suspension at optical density (600 nm) of two were added to each well. Two were added to each well with further incubation at 37°C for 2 hours. After 2 consecutive washes, the bacteria were stained with 0.1% crystal violet for 30 minutes, washed twice, and airdried for 15 minutes. Stained bacteria were resuspended for quantification in ethanol/acetone solution (80:20) and absorbance was measured at 595 nm.
Mice Colonization Experiments
All animal experiments were carried out under approval by the Use Committee of Pasteur Institute and by the French Ministry of Agriculture (Ethic committee protocol number: 2013-0030). BALB/c and C57BL/6J Rj mice were obtained from Janvier Labs (Le Genest-Saint-Isle, France) and maintained in a pathogenfree area. Based on a published protocol [20] , 8-week-old mice were treated with broad-spectrum antibiotics, including vancomycin, metronidazole, neomycin, and ampicillin, for 8 days.
Using a straight feeding cannula (Bioseb N-020), mice were orally inoculated with 2 × 10 9 exponentially growing bacteria on 3 consecutive days. Bacterial colonization was determined 7 days postinfection by CFU counts. Briefly, mice were euthanized, and tissues were harvested, weighted, and homogenized using Precellys homogenizer (Ozyme) for 2 × 15 seconds at a frequency of 5000 rpm. Samples were diluted in saline and plated on Enterococcus agar selective media (BD Difco) for specific counting of S. gallolyticus exhibiting a typical pink color as previously described [7] . This experiment was repeated twice with a minimum of 5 mice per group each time.
Immunocytochemistry of Mouse Tissues
Mouse tissues recovered 7-day postinfection were fixed for 48 hours in PBS-PFA 4% and embedded in paraffin following routine procedures. Serial sections were permeabilized with 0.1% Triton X-100 for 30 minutes and blocked for 5 minutes with Ultra V block (Thermo Scientific). Samples were incubated for 1 hour in PBS-10% Ultra V block with rabbit anti-UCN34
(1:200). Secondary Alexa Fluor 568-conjugated goat antirabbit antibody (1:200, Life Technologies) and WGA-coupled to Alexa Fluor 488 (1:200, Life Technologies) in PBS-10% Ultra V block were added and samples were incubated for 45 minutes at room temperature. The tissue preparations were then incubated with 4',6-diamidino-2-phenylindole (1:1000) in PBS for 3 minutes and mounted with ProLong Gold Antifade reagent. Sections were imaged on a Cell Voyager CV1000 confocal scanner box and fluorescence images were processed using Fiji software.
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